ABSTRACT: We compared catches of settlement-stage reef fishes in light traps attached to underwater speakers playing reef sounds with those of silent traps during a summer recruitment season at Lizard Island, Great Barrier Reef, Australia. Of the total 40 191 reef fishes we collected, significantly more (67%; Wilcoxon and Binomial tests: p < 0.001) appeared in the traps with broadcast reef noise. Traps deployed with speakers consistently caught a greater diversity of species (Wilcoxon test: p< 0.001, total 81 vs 68) than did silent traps. This study provides a clear demonstration that the settlement-stages of a broad range of families of coral reef fishes are attracted to reef sounds.
INTRODUCTION
How settlement-stage coral reef fishes navigate from the plankton to suitable reef habitats is poorly understood, although we know that some larvae are capable of locating and returning to their natal reefs (Jones et al. 1999 , Swearer et al. 1999 ). Many potential navigation cues exist (see reviews in Montgomery et al. 2001 , Kingsford et al. 2002 , and Myrberg & Fuiman 2002 , but evidence to date supports only 2: chemicals and sounds. While chemical signals can influence settlement of reef fishes at small (10s to 100s of metres) spatial scales (Sweatman 1988 , Danilowicz 1996 , Arvedlund et al. 1999 , they are only available downstream of reefs and in areas of high current flow, so may only be of value to larvae that are strong swimmers (Armsworth 2000) .
In contrast, in water sounds propagate irrespective of current direction over long distances with little attenuation (Rogers & Cox 1988) . Furthermore, coral reefs produce high levels of biological sound in the range 0.4 to 4 kHz (Cato 1978) , which is generated by organisms such as shrimps and fishes, and commonly reaches peak levels around dusk. Reef sounds are also lunar (around the new moon) and seasonally (spring and summer) cyclic (McCauley & Cato 2000) . Intriguingly, these patterns mirror equivalent temporal cycles in settlement of reef fishes (Doherty & Williams 1988 , Kingsford 2001 .
Despite the great potential for sound to act as a cue for orientation at settlement, there is only limited experimental support for its use by the larvae of coral reef fishes during the settlement process. Inferential evidence was provided by Leis et al. (1996) and Stobutzki & Bellwood (1998) , who found, respectively, that settlement-stage fish swam away from reefs during the daytime and toward reefs at night irrespective of current. More recently, recorded reef sounds, but not artificial noises, were shown by Leis et al. (2002) to directly influence the daytime swimming behaviour of the settlement-stage larvae of the coral reef damselfish Chromis atripectoralis. Tolimieri et al. (2004) provide further evidence that pomacentrids not only respond to pre-recorded reef noise, but that they are able to determine the direction of the source, resolving a theoretical 180°ambiguity along the axis of direction of the sound source (Montgomery et al. 2001) . The enhancement of light-trap catches using recorded reef sounds was first demonstrated for a temperate reef fish, a tripterygiid blenny, in northern New Zealand (Tolimieri et al. 2000) . Using a similar approach, Leis et al. (2003) provide evidence that some coral reef fishes show a response to recorded reef noise. However, it remains to be clarified whether attraction to sound is a widespread and general response among the larvae of coral reef fishes.
Here, we address this issue using light traps with and without a sound source broadcasting reef noise in the waters adjacent to Lizard Island, Great Barrier Reef (GBR), Australia. Previous work at this locality (Doherty 1987 , Milicich 1988 , Milicich & Doherty 1994 has shown that light traps collect late-stage larvae from many families of reef fishes, often in great numbers (1000s per hour of fishing ; Milicich 1988) . This diversity and abundance allowed our study to examine the response to sound in a broad range of reef taxa.
MATERIALS AND METHODS
Sound treatment. The recording we used was a 4 min loop of the dusk chorus of biological noise recorded in the reef habitat at a mid-shelf reef on the GBR (Feather Reef, 17°32.28' S, 146°21.36' E) during the new-moon phase. The recording was made using a calibrated Clevite CH17 hydrophone, a RANRL preamplifier (40 dB gain) and a Sony TCD-D7 digital tape deck. The spectral shape of the broadcast signal was similar to the recorded signal. For accurate level analysis the spectral content of the signal was analysed with a Hewlett Packard 3582-A 0-25 kHz spectral analyser, with the white noise and hydrophone sensitivity used to calibrate the signal.
Response of fishes to reef noise. Our study targeted 3 summer new-moon periods at Lizard Island (14°40' S, 145°28' E), which is when the majority of reef fish settlement occurs (Milicich 1988 , Meekan et al. 1993 , from November 2001 to January 2002. We used permanent moorings anchored in 10 to 15 m depth of water over sand at 3 sites approximately 500 m offshore (2 in front of the Marine Station to the SW of the island, and 1 at Coconut Beach to the SE). To minimise site noise effects, each site was surveyed by divers to ensure there were no reefs in the vicinity. To avoid site effects, trap deployment alternated between the sites in front of the marine station (540 m apart) each night, except in January, when due to prevailing weather conditions some traps were deployed at the Coconut Beach site.
We used a modern light-trap design (Stobutzki & Bellwood 1997 , see Meekan et al. 2001 their Fig. 1 ). Our sound system consisted of a waterproof barrel containing a 12 V marine battery, 70 W amplifier, and a portable CD player. The sound was transmitted through an underwater speaker (UW-30, frequency response 0.1 to 10 kHz, University Sound, Buchanan; broadband source level set at 104 dB re 1 µPa at 1 m) set 1 m below the water surface next to the light trap. To another (paired) trap we attached a similar, but empty, rig to monitor potential effects on catches of attraction by fishes to floating objects.
Within each site, pairs of light traps (silent and with broadcast reef sound) were deployed 180 m apart. This was far enough to prevent any overlap of light, which from in situ attenuation measurements, travels less than 50 m from light traps in clear water (Simpson 1999) . Similarly, the speaker broadcasting reef noise would not be detectable above ambient noise within 50 m of the silent trap (cylindrical model of sound propagation; ambient levels: 82 dB re 1 µPa over the bandwidth of 20 Hz to 10 kHz, R. McCauley unpubl. data). Therefore, we believe 180 m was the optimal distance to ensure that the traps were close enough to be sampling from the same assemblage of larval fishes without interfering in the operation of adjacent traps. The sound treatment was alternated between moorings within a site on successive nights. Traps were deployed before dusk and catches retrieved the following morning for a total of 37 nights. Reef fishes collected from the traps were preserved in ethanol, identified (in most cases to species) and counted.
Shapiro-Wilk analyses showed that data sets were not normally distributed (e.g. total catches: W = 0.39934, p < 0.00001, n = 37). For this reason, data were analysed using 2 approaches. Firstly, pairs of traps (1 silent, 1 with broadcast reef noise) were treated as replicate samples and analysed using the non-parametric Wilcoxon matched-pairs test (Sokal & Rohlf 1995) . This approach makes no assumptions about the behavioural interactions of the fishes. Secondly, the total numbers of fishes collected by each treatment were analysed using binomial probabilities (Sokal & Rohlf 1995) . This analysis offers greater statistical power, but assumes that all fishes were acting independently in their choice of trap, so that the behaviour of a fish was not influenced by other individuals nearby.
RESULTS

Sound treatment
The sounds recorded from Feather Reef were similar to evening chorus recordings from elsewhere on the GBR including Lizard Island (McCauley & Cato 2000 , McCauley 2001 , Cato & McCauley 2002 . The noise consisted of a chorus of pops made by nocturnal fishes (intense choruses with a spectral peak over the frequency range 600 to 800 Hz) overlaid on a lower level higher frequency (2.5 to 200+ kHz) background crackle produced by snapping shrimps over the bandwidth of the recording equipment (Fig. 1) .
Response of fishes to reef noise
A total of 44 pairs of traps were deployed during the study, although light-unit failure eliminated 7 paired comparisons. The remaining 37 paired samples (November: 16; December: 11; January: 10) collected 40 191 settlement-stage reef fish from 90 species and 20 families, with the majority collected in December (November: 3477; December: 35 869; January: 845). In total, 67.0% (26 944) of the reef fishes were collected by light traps deployed with sound speakers. Removal from the data set of the results for one night (16 December) when 50.7% of the total number of reef fishes was collected did not affect this result and increased the catch of traps with broadcast reef noise to 70.4% of the total number of reef fishes caught.
Reef fishes from 20 families were collected in this study. The majority of individuals (89.3%) were pomacentrids. Only 3 other families each exceeded 1% of the catch (apogonids, 6.2%; syngnathids, 1.3%; nemipterids, 1.3%). Wilcoxon matched-pairs tests showed that the total number of reef fishes (p < 0.001), total number of species (p < 0.001) and families (p < 0.05) were greater in traps deployed with speakers than in silent traps each night.
Despite the great range in abundances of families of reef fishes in the catches, a consistent pattern was seen with an average of 62.6% of individuals from each family being collected in traps deployed with speakers (Fig. 2, Table 1 ). However, Wilcoxon matched-pairs analyses of these differences were only significant where total catches were very large (e.g. pomacentrids). In contrast, binomial probability analyses of the total catches for each family showed significantly greater catches in traps deployed with speakers than silent traps for all the 10 most abundant families (Table 1) .
The pattern of greater catches in traps deployed with speakers was also consistent within families. Of the 31 species of pomacentrid from 10 genera collected by our study, 29 were collected in greater numbers in traps with broadcast reef noise (Table 2) . Of the remaining 2 species, 1 unidentified pomacentrid appeared more often in silent traps than traps deployed with speakers, while Dascyllus trimaculatus was collected in equal numbers in both traps.
DISCUSSION
This study demonstrated that the ability to detect and respond to sound is widespread in the larvae of coral reef fishes. All families of reef fishes where more than 20 individuals were collected showed a strong response to sound cues. Approximately twice as many individuals of each family appeared in light traps deployed with speakers compared to silent traps. Our catches were composed of larvae that are representatives of many of the families that typify reef fish faunas, covering a diverse array of adult ecologies ranging from diurnal herbivores to nocturnal planktivores. Where comparisons were possible, we also found that the response to sound was consistent among individual species. Of the 31 species of pomacentrid from 10 genera collected, 29 displayed a preference for traps with broadcast reef noise (including Amblypomacentrus breviceps, a non-reef pomacentrid as an adult).
We do not know if the settlement-stage reef fishes collected by our light traps were attracted by the entire spectrum or only a small part of the sounds that we broadcast. The sounds we played were biological in origin and were largely composed of a background "crackle" produced by snapping shrimp overlaid by a series of pops, grunts and gurgles generated by nocturnal fishes, mostly holocentrids and apogonids (R. McCauley unpubl. data). Identification of the components of reef sounds that are particularly attractive to reef fish larvae and their sources will be the subject of future research.
The use of reef noise by fishes during settlement may have important implications for the management of reef systems. It seems possible that anthropogenic noises (e.g. turbines, ships) that overwhelm or drown out natural sounds attractive to larvae and fishing or pollution that targets components of the reef community responsible for producing sounds may have adverse effects on the replenishment of reef fish populations. Indeed some estimates indicate that anthropogenic noise increased the ambient noise in world's oceans by as much as 10 dB (1 full order of magnitude) between 1950 and 1975 (Jasny 1999 
